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THE COORDINATED INTERACTIONS between systemic arterial endothelial cells (ECs) and smooth muscle cells (SMCs) are highlighted by many in vivo and in vitro studies, where changes in EC function or activity are associated with phenotypic changes in SMCs, or vice versa (10, 15, 21, 24, 31, 32) . The reciprocal changes in ECs and SMCs have been attributed primarily to paracrine signaling (5, 11, 23) , but direct cell-cell interaction through myoendothelial gap junctional signaling is also important (8, 26, 35, 36, 48) .
Myoendothelial gap junctions, which comprise the linking of two hemichannels or connexons formed by proteins called connexins, are intercellular channels that directly connect the cytoplasm of ECs and SMCs (45, 46) . They act as conduits for intercellular transfer of water-soluble molecules of Ͻ1.2 kDa in size. EC-generated mediators, such as hyperpolarizing factors, and secondary messengers, such as calcium, signal directly through myoendothelial gap junctions (13) . Myoendothelial gap junctional signaling plays an important role in regulating vascular tone and resistance, and disruption or alteration of this signaling has been implicated in the pathogenesis of vascular remodeling (4, 14) .
Despite early speculation on the role of myoendothelial gap junctions in the regulation of pulmonary vascular tone (43) , and the morphological evidence of their presence in pulmonary arteries (35) , there are few functional studies (3, 36, 49, 50) . While it is difficult to study pulmonary arterial myoendothelial gap junctions in vivo, EC and SMC cocultures on opposite sides of a porous Transwell membrane, which separates the cell types but allows formation of myoendothelial gap junctions between them, have been developed for studies in vitro (27) . The Transwell membrane coculture model has been used in several studies of systemic arterial EC and SMC behaviors, as well as in the mechanisms of their interactions. Whereas some studies have shown that coculture with ECs promotes differentiation of SMCs (5, 51) , others have found that release of growth factors by ECs increases the migration and proliferation of cocultured SMCs (10, 30) . Importantly, there are no reports of the formation and function of myoendothelial gap junctions in Transwell membrane cocultures of pulmonary arterial ECs (PAECs) and pulmonary arterial SMCs (PASMCs).
PAEC dysfunction has long been suspected as a key factor in the pathogenesis of pulmonary hypertension (2, 6, 23) , but the mechanisms by which dysfunctional PAECs alter the phenotype and function of PASMCs are poorly understood. To determine how dysfunctional PAECs impact PASMC phenotype, it is important to better understand how normal, quiescent PAECs help maintain the differentiated PASMC phenotype. Therefore, we used the Transwell coculture model to investigate the formation of myoendothelial gap junctions between PAECs and PASMCs and the role of gap junctional signaling in the PAEC-dependent regulation of PASMC phenotype. Understanding the roles and mechanisms of myoendothelial gap junctional signaling in cultured cells will provide insight into the physiological importance and mechanisms of myoendothelial gap junctional signaling in the regulation of pulmonary vascular function.
MATERIALS AND METHODS
Cells. Primary-passaged Sprague-Dawley rat proximal PAECs were obtained from the Center for Lung Biology's cell culture core at the University of South Alabama, Mobile, AL. PAECs were cultured and passaged according to the protocol described by Stevens et al. (47) . Briefly, PAECs were cultured in EC complete medium [DMEM (Mediatech) supplemented with 10% (vol/vol) FBS and 1% (vol/vol) HyQ penicillin (Pen)-streptomycin (Strep) (100 units/ml Pen, 100 g/ml Strep)]. These cells, which formed a closely packed homogenous monolayer with typical cobblestone appearance, expressed von Willebrand factor (factor VIII-related antigen), VE-cadherin, and endothelial nitric oxide synthase and produced nitric oxide (NO) basally as measured by the NO-sensitive florescence probe 4-amino-5-methylamino-2,7-difluorofluorescein (data not shown). Thus, the PAECs used in this study had the morphological and functional characteristics of ECs.
Sprague-Dawley rat proximal PASMCs were obtained from the Cardiovascular Pulmonary Research Laboratory's cell culture core, University of Colorado at Denver Health Sciences Center, Denver, CO. PASMCs were cultured in SMC complete medium [1ϫ DMEM-F-12 50:50 supplemented with 10% (vol/vol) FBS and 4 mM glutamine]. These cells exhibited the classical SMC rhomboid shape, and immunostaining showed the expression of the SMC selective marker proteins myosin heavy chain (MHC), H1-calponin, ␣-SMC actin, SM 22␣, tropomyosin, and H-caldesmon diffusely in the cytoplasm rather than in actin filaments (data not shown). These results confirmed that the PASMC used in this study had the characteristics of SMCs.
PAECs and PASMCs were maintained at 37°C in a humidified, 5% CO 2, and atmospheric air-balanced chamber by changing the media every 2 days and were split when 80 -90% confluent. PAECs and PASMCs between passages 4 -9 were used in all experiments. PAECs and PASMCs were cocultured on Transwell inserts (Corning) with a 10-m-thick polyethylene terephthalate membrane containing 0.4-m-diameter pores and a surface area of 4.2 cm 2 . The inserts were soaked in complete medium (PAEC and PASMC) for 2 h before use to allow the cells to adhere firmly on the Transwell membrane. PASMCs (4 ϫ 10 5 cells/membrane) were seeded on the bottom of the Transwell membrane in SMC complete medium. The inserts were then placed in 150-mm culture plates containing 5 ml sterile PBS and incubated at 37°C in a humidified 5% CO 2 incubator. After 24 h, inserts were placed in low-serum medium (2% FBS) in six-well plates with the Transwell membrane containing the PASMCs facing the bottom of the plate. PAECs (5 ϫ 10 5 cells/membrane) were then seeded on the opposite side (top) of the Transwell membrane in EC complete medium (Fig. 1A) . After the PAECs and PASMCs were cocultured for 48 h in a humidified 5% CO 2 incubator at 37°C, PASMCs were serum starved for 24 h before drug treatment for another 24 h. As a control, PASMC-PASMC coculture was performed in a similar manner (Fig. 1B) . The 0.4-m-diameter pore size of the Transwell membrane permits formation of projections between the cocultured cells but restricts cell migration. Therefore, cells cocultured on opposite sides of the same Transwell membrane were designated as "touch" coculture ( Fig. 1, A and B) .
To coculture the cells without direct cell-cell contact, PAECs (4 ϫ 10 5 cells/well) were seeded on the bottom of a six-well plate in complete medium. After 24 h, PASMCs (5 ϫ 10 5 cells/membrane) were seeded in low-serum medium on the top of a Transwell membrane, which was then transferred into the six-well plate containing the cultured PAECs, and the cells were cocultured for 48 h. This arrangement, designated as "no-touch" coculture, prevented the PAECs and PASMCs from forming direct cell-cell contacts, but they could still exchange soluble factors across the porous insert membrane (Fig. 1, C and D) .
Immunocytochemistry. PASMCs in touch coculture with PAECs or PASMCs were immunostained for the contractile protein ␣-SMC actin to characterize the cell phenotype. After 48 h of coculture or 24 h of drug treatments, the cells were rinsed with PBS, fixed with 2% paraformaldehyde for 10 min at room temperature, permeabilized with 0.1% Triton X-100 in PBS for 3 min, blocked with 10% goat serum/PBS for 1 h, and incubated with mouse ␣-SMC actin antibody (1:400 dilution, catalog no. A2547; Sigma) overnight at 4°C. The cells were then incubated with Alexa-488 (Invitrogen)-conjugated secondary antibodies at room temperature for 1 h. Fluorescence was visualized with a Leica TCS SP Spectral confocal microscope. Negative controls included cells incubated without primary antibody and cells with primary antibody preabsorbed with antigen, when available. Antibody selectivity was assessed by Western blotting.
Western blotting. After 48 h of coculture or 24 h of drug treatments, the PAECs and PASMCs were harvested separately and lysed with 0.1% SDS and 1% Triton X buffer (42) . Proteins (15-30 g ) in the Immunoblots were detected by chemiluminescent assay using a Super Signal Kit (catalog no. 34096; Pierce) and exposed to clear blue X-ray film (Pierce) or using a Fujifilm LAS-1000 imaging system. For normalization of the protein levels, the blots were stripped with stripping buffer (Pierce) and probed with either peroxidaseconjugated antibody to ␤-actin (1:10,000 dilution; catalog no. A3854; Sigma) or primary antibody to GAPDH (1:1,000 dilution, catalog no. T 6014; Sigma). Densitometric analysis of protein bands was performed with Fuji Image Gauge software version 4.0. All experiments were repeated at least three times.
Fluorescent staining of cellular projections. To determine the formation of myoendothelial gap junctions between PAECs and PASMCs in touch coculture, the fluorescent membrane (FM) dyes FM 1-43 FX (catalog no. T35355; Invitrogen) and FM 4 -64 (catalog no. T3166; Invitrogen) were used. After 48 h of coculture, the cell layers were rinsed with warm PBS and fixed in 2% paraformaldehyde for 10 min. The PAEC and PASMC layers were then immediately incubated, respectively, with FM 4 -64 and FM 1-43 FX (5 g/ml for each) diluted in ice-cold Hanks' buffered salt solution (HBSS; GIBCO) for 10 min to delineate the cellular projections in the pores of the Transwell membrane. The cells were then rinsed with HBSS, and the Transwell membrane was immersed in a 30% sucrose solution overnight before freezing in cryoembedding media (optimal cutting temperature compound, catalog no. 14-373-65; Fisher Scientific). Tenmicrometer frozen transverse sections of Transwell membranes were cut, and slides were prepared. Transwell membranes without cells were processed in a similar manner as a control. Direct cell-cell interactions were visualized by differential interference contrast microscopy with fluorescence-stained PAECs at an excitation of 588 nm and emission of 734 nm and PASMCs at an excitation of 510 nm and emission of 626 nm using a Leica confocal microscope.
Immunostaining for connexin 43 in cellular projections. Connexins (Cx) 43, 40, and 37 are expressed in pulmonary arterial wall (3) . Preliminary experiments from Western blots and immunocytochemistry showed the expression of Cx43 and Cx40 in both PAECs and PASMCs, and Cx37 was expressed only in PASMCs. Consistent with the protein data, quantitative RT-PCR of the transcripts showed high levels of mRNA for Cx43 and Cx40 in both PAECs and PASMCs and low levels of Cx37 in PAECs (data not shown). Collectively, from the preliminary experiments, Cx43 was abundantly expressed in both PAECs and PASMCs. Thus, we chose Cx43 as the gap junctional protein to investigate in subsequent experiments.
Immunostaining was used to detect the presence of Cx43 in the projections formed by PAECs and PASMCs in the pores of the Transwell membrane. Slides of 10-m cryosections prepared for the FM staining of projections were fixed with 1:1 methanol and acetone solution for 3 min at Ϫ20°C, blocked with 5% BSA (Sigma) and 5% goat serum in PBS for 45 min, and incubated overnight with mouse monoclonal anti-Cx43 (1:500 dilution, catalog no. CXN-6-C8093; Sigma). Sections were incubated with fluorescent-labeled (Alexa 488; Invitrogen) anti-mouse antibody for 1 h at room temperature. Confocal imaging was used to visualize fluorescence for the presence of Cx43 in the cellular processes. Transwell membranes without cells were processed in a similar manner as a control. Transverse sections incubated in the absence of primary antibody were also used as a negative control.
Dye transfer from PAECs to PASMCs. Biocytin, a small (372.48 Da), uncharged, colorless, membrane-impermeable dye, was used to investigate the dye transfer from PAECs to PASMCs (27) . Dextranconjugated Texas red (10 kDa) (Texas red-dextran) (catalog no. D1863; Invitrogen), which can neither diffuse through the intact plasma membrane nor pass through gap junctions (12) , was used as a control. A pinocytic kit (catalog no. I14402; Invitrogen) was used to load the PAECs with biocytin and Texas red-dextran according to the manufacturer's directions. Biocytin has high affinity for strepavidin, and, to detect the presence of the colorless dye transferred from PAECs to PASMCs, the PASMCs were incubated with fluorescently labeled secondary antibody conjugated to Strepavidin 488 (Invitrogen) for 1 h. Following 48 h of touch coculture, the PAEC-PASMC cocultures were fixed with 2% paraformaldehyde for 10 min, rinsed with PBS, permeabilized with 0.1% Triton X-100, blocked with 10% goat serum in PBS, mounted with 4=,6-diamidino-2-phenylindole gold reagent (Invitrogen), and visualized by confocal microscopy. The fluorescent intensity of Strepavidin 488 bound to biocytin, the dye transferred to PASMCs in PAEC-PASMC coculture, was calculated by the program NIS-Elements AR 3.22.00 (Build 710). The data are represented as means Ϯ SE of intensity of pixels.
Enzyme-linked immunosorbent assay of active transforming growth factor-␤. Proteolytic activation of transforming growth factor (TGF)-␤ occurs when ECs are cocultured as a monolayer with SMCs (39). We therefore determined whether TGF-␤ was activated in the PAEC-PASMC cocultures. After 48 h of touch and no-touch PAEC-PASMC coculture and touch PASMC-PASMC coculture, the conditioned media from the PASMC layers were collected and analyzed for active TGF-␤1 using an enzyme-linked immunosorbent assay kit according to manufacturer's protocol (catalog no. MB100B; R&D System). Data were quantified using a standard curve of known concentrations of TGF-␤1.
Gap junction blockers. To investigate the involvement of myoendothelial gap junctions in PAEC-dependent modulation of PASMC phenotype, the PAEC-PASMC and PASMC-PASMC cocultures were treated with 100 M carbenoxolone (44) (catalog no. C 4790; Sigma) or 50 M 18-␣-glycyrrhetinic acid (27) (catalog no. G 8503; Sigma) for 24 h before collecting the PASMC protein for assay of contractile markers. Separate cocultures were treated with dimethyl sulfoxide (DMSO; Sigma) (0.1% vol/vol) alone as a vehicle control.
Short-interference RNA knock down of Cx43. To further test the role of myoendothelial gap junctions in the PAEC-dependent modulation of PASMC phenotype, and to rule out possible nonselective effects of the pharmacological inhibitors, the gap junctional protein Cx43 was specifically knocked down in PAECs by 50 nM shortinterfering RNA (siRNA) using Lipofectamine 2000 as described in the manufacture's protocol. The siRNA pool targeting rat Cx43 (ON-TARGET plus SMART pool, catalog no. L-100614-01-0010; Dharmacon) and the nontargeting siRNA pool (ON-TARGET plus Non-targeting Pool, catalog no. D-001810-10; Dharmacon) were used. After 24 h, PASMCs were seeded on the opposite side of the Transwell membrane (on the top of the insert), and the coculture was incubated for 48 h at 37°C in 5% CO2 (72 h posttransfection). The PASMC layer was then either immunostained for morphological analysis or harvested for Western blotting of the contractile proteins.
TGF-␤ receptor I blocker. TGF-␤1 signaling is involved in ECinduced differentiation of pericytes and mesenchymal cells to SMCs (22) . Also, mice lacking TGF-␤1/activin receptor-like kinase 5 (ALK5)-mediated signaling in ECs display reduced vascular recruitment and differentiation of SMCs (7). We therefore investigated whether this signaling pathway played a role in the PAEC-dependent differentiation of PASMCs by treating the cocultures with 1 M of the TGF-␤ receptor I (ALK5) blocker 6-[2-(1,1-dimethylethyl)-5-(6-methyl-2-pyridinyl)-1H-im idazol-4-yl] quinoxaline (SB-525334) (catalog no. 3211; Torcis) (18) . Control cocultures were treated with vehicle (DMSO, 0.1% vol/vol) or left untreated. All cocultures were then incubated at 37°C in 5% CO2 for an additional 24 h.
Data analysis and statistical methods. Data were obtained from at least three independent experiments, and statistical analysis was performed by unpaired t-test or one-way ANOVA followed by post hoc testing with Dunnett's test using GraphPad Prism software ver-sion 4.0. Data are represented as means Ϯ SE. Significance was denoted as P Ͻ 0.05.
RESULTS
PASMCs exhibit a contractile-like phenotype in touch coculture with PAECs. Figure 2A shows that PASMCs cocultured with PAECs were spindle shaped, which is characteristic of a differentiated/contractile phenotype of SMC. In contrast, PASMCs cocultured with PASMCs exhibited the typical rhomboid shape of dedifferentiated SMCs (Fig. 2B ). PASMCs cocultured with PAECs also had distinct parallel bundles of actin filaments in contrast to the diffuse actin molecules in PASMCs cocultured with PASMCs. Because MHC and H1-calponin are goldstandard marker proteins for the SMC contractile phenotype, we measured expression levels of these proteins in PASMCs cocultured with PAECs or PASMCs. Figure 2 , C and D, shows increased expression of MHC and H1-calponin, respectively, in PASMCs cocultured with PAECs compared with PASMCs cocultured with PASMCs. These results show that PASMCs differentiated to a more contractile-like phenotype when they were cocultured with PAECs.
PASMCs exhibit a dedifferentiated phenotype in the absence of direct cell-cell contact with PAECs (in no-touch coculture).
To determine if paracrine factors were involved in the PAECdependent differentiation of PASMCs, the effect of no-touch coculture (Fig. 1C) was examined. Figure 3A shows the more spindle-shaped PASMCs in touch PAEC-PASMC coculture as opposed to the rhomboid-shaped PASMCs in no-touch PAEC-PASMC coculture (Fig. 3B ). In addition, Fig. 3 , C and D, shows that PASMCs cocultured with direct cell-cell contact with PAECs expressed higher levels of MHC and H1-calponin, respectively, compared with PASMCs cocultured without direct cell-cell contact with PAECs. This indicates that the PAEC-induced differentiation of PASMCs depended on direct cell-cell contact with PAECs rather than solely on a PAECderived paracrine factor.
PAECs and PASMCs in touch coculture form functional myoendothelial gap junctions. To test if touch cocultured PAECs and PASMCs extended cellular projections inward from opposite sides of the Transwell membrane, the cell types were stained with different FM dyes. The red fluorescence in Fig. 4A shows the PAEC layer, and the green fluorescence shows the PASMC layer. The red and green staining within the Transwell membrane demonstrates that cellular processes grew inward from opposite sides, and the overlap of the red and green projections produces an orange fluorescence (Fig. 4A) . These data suggest that the PAECs and PASMCs had made direct cell-cell contacts through the pores of the membrane. Myoendothelial gap junctions comprise the proteins connexins, and Cx43 was more abundant than Cx40 and Cx37 in both PAECs and PASMCs (data not shown). Therefore, we examined cell-cell contacts in cocultured PAECs and PASMCs for Cx43 expression. Punctuate staining of Cx43 was observed on both the PAEC and PASMC sides of the Transwell membrane, as well as on the cellular projections within the membrane (Fig.  4, B and C) . This supports that the cellular projections extending inward from the PAEC and PASMC layers had formed myoendothelial gap junctions.
To evaluate if the myoendothelial gap junctions were functional, biocytin dye transfer from PAECs to PASMCs across the insert membrane was measured as described by Isakson and Duling (27) . The red fluorescence of Texas red-dextran in the PAEC layer in Fig. 4D marks the cells loaded with the colorless biocytin, and the green fluorescence of the biocytinstrepavidin complex in Fig. 4E reflects the transfer of the membrane-impermeable biocytin from PAECs into PASMCs. This indicates the transfer of biocytin was through gap junctions because the Texas red-dextran dye, which is too large to pass through gap junctions, is not seen in the PASMC layer. Thus, the touch PAEC-PASMC cocultures had formed functional myoendothelial gap junctions.
Inhibition of gap junctional signaling prevents PAEC-induced differentiation of PASMCs in PAEC-PASMC touch coculture. To determine if myoendothelial gap junctional signaling was mediating the differentiation of PASMCs in direct cell-cell contact with PAECs, the cocultures were treated with 18-␣-glycyrrhetinic acid (50 M), a nonselective inhibitor of gap junctions (8) , and SMC-selective contractile markers were analyzed by Western blot. PASMCs in PAEC-PASMC cocultures exposed to 18-␣-glycyrrhetinic acid expressed decreased levels of both MHC and H1-calponin compared with vehicletreated cells (Fig. 5, A and B) . A similar decrease in PASMC expression of the contractile proteins was found in PAEC-PASMC cocultures treated with carbenoxolone (100 M), another nonselective gap junction inhibitor (data not shown). In contrast, these inhibitors of gap junctions did not further reduce the low contractile protein expression in PASMC-PASMC touch cocultures (data not shown). Collectively, these results indicate that the differentiation of PASMCs to a more contractile phenotype in the touch PAEC-PASMC coculture was mediated through myoendothelial gap junctional signaling.
In addition to the pharmacological intervention with gap junction blockers, Cx43 was knocked down selectively in PAECs with siRNA (Fig. 6, A and B) , and the Cx43-deficient PAECs were then cocultured with PASMCs. After 48 h of coculture, the biocytin dye transfer experiment showed that siRNA knock down of Cx43 in PAECs had inhibited myoendothelial gap junctional signaling in the cocultured cells (Fig.  6, C 
-E).
Compared with PASMCs cocultured with PAECs that were untreated (data not shown) or treated with nontargeting siRNA (Fig. 6F) , immunocytochemistry showed a decrease in ␣-SMC actin filaments in PASMCs cocultured with Cx43-deficient PAECs (Fig. 6G ). PASMCs cocultured with Cx43-deficient PAECs also showed decreased expression of both MHC and H1-calponin compared with nontargeting siRNA-treated cells (Fig. 6, H and I ). These observations indicate that siRNA knock down of Cx43 in PAECs, and the resulting inhibition of myoendothelial gap junctional signaling, reduced the PAECinduced differentiation of the cocultured PASMCs.
TGF-␤ signaling is involved in PAEC-dependent differentiation of PASMCs. TGF-␤ signaling is involved in EC-induced differentiation of pericytes and mesenchymal cells to SMCs (22) . Therefore, to determine if TGF-␤ signaling was involved in the PAEC-dependent differentiation of PASMCs, we measured the level of active TGF-␤1, the phosphorylation of Smad 2 [p-Smad 2, a marker of TGF-␤ signaling (38) ], and the effects of inhibition of the TGF-␤ receptor I, ALK5. The level of active TGF-␤1 was significantly higher (P Ͻ 0.05) in the media of PASMCs cocultured with direct contact with PAECs (1,296 Ϯ 148 pg/ml) compared with PASMCs cocultured without direct contact with PAECs (518 Ϯ 42 pg/ml) and PASMCs cocultured with direct contact with PASMCs (351 Ϯ 21 pg/ml) (n ϭ 3/group). Furthermore, compared with the PASMCs cocultured with control PAECs, the level of p-Smad 2 was reduced to 70 Ϯ 8 and 81 Ϯ 1% (P Ͻ 0.05) in PASMCs cocultured with carbenoxolone-treated and Cx43-deficient PAECs, respectively (n ϭ 3/group). To test the role of TGF-␤ signaling in the myoendothelial gap junction-mediated PASMC differentiation, PAEC-PASMC cocultures were incubated with the ALK5 inhibitor SB-525334, and PASMC expression of contractile proteins was analyzed. The levels of p-Smad 2 in PASMCs in cocultures exposed to the ALK5 inhibitor were reduced to 44 Ϯ 2% (P Ͻ 0.05) compared with the levels of p-Smad 2, normalized to 100%, in PASMCs in untreated cocultures (n ϭ 3/group). Interestingly, Fig. 7, A and B, shows that the expression of MHC and H1-calponin was also reduced in PASMCs in cocultures exposed to the ALK5 inhibitor compared with vehicle-treated cocultures. These results suggest that TGF-␤ signaling via ALK5 was involved in the PAEC-dependent, myoendothelial gap junction-mediated differentiation of PASMCs.
DISCUSSION
We investigated whether PAECs and PASMCs cocultured on opposite sides of a porous Transwell membrane formed functional myoendothelial gap junctions and whether signaling via these gap junctions was involved in the PAEC-dependent regulation of PASMC phenotype. We observed that PAECinduced differentiation of PASMCs toward a contractile phenotype was dependent on direct cell-cell contact between PAECs and PASMCs and required Cx43-dependent myoendothelial gap junctional communication and activation of TGF-␤ signaling. While several studies have examined formation of myoendothelial gap junctions between cocultured systemic arterial cells (19, (25) (26) (27) (28) (29) 34) , and one study has observed that EC-induced differentiation of cocultured mesenchymal cells depends on gap junctional signaling-mediated activation of TGF-␤ (22) , this is the first report of a PAEC-induced, myoendothelial gap junction-dependent, TGF-␤-mediated differentiation of cocultured PASMCs.
PASMCs cocultured with other PASMCs, or cultured alone, had a distinct rhomboid shape, whereas those cocultured with PAECs were spindle shaped. This PAEC-dependent difference in morphology suggested a more differentiated phenotype, which was supported by increased expression of the SMC contractile proteins MHC and H1-calponin in PASMCs cocultured with PAECs, compared with PASMCs cocultured with PASMCs. The spindle-shaped PASMCs expressing higher levels of contractile proteins are considered as more differentiated than the rhomboid-shaped PASMCs expressing lower levels of contractile proteins (41) .
The differentiation of PASMCs in the presence of PAECs resembles the in vivo situation, where most of the PASMCs in the media of the normal pulmonary arterial wall are quiescent and differentiated (17) . The technique of coculturing the cells on opposite sides of a porous membrane therefore provides the opportunity to investigate the mechanisms by which dedifferentiated PASMCs develop a more contractile/differentiated phenotype when in contact with confluent PAECs. Previous studies of both systemic (1, 5, 16, 21) and pulmonary (32, 33) arterial cells have observed increased differentiation of SMCs cocultured with ECs, but the roles of paracrine and myoendothelial gap junctional signaling in mediating the differentiation have not been defined.
To determine if paracrine or gap junctional signaling was mediating the PAEC-induced differentiation, we compared PASMCs cocultured with direct cell-cell contact with PAECs (touch coculture) and those cocultured without direct contact with PAECs (no-touch coculture). PASMCs in touch coculture demonstrated the more differentiated spindle-shaped phenotype, whereas those in no-touch coculture remained dedifferentiated (rhomboid-shaped). These morphological characteristics were supported by decreased expression of the contractile proteins in no-touch vs. touch coculture. Thus, direct cell-cell contact rather than simply paracrine signaling was required for the PAEC-induced differentiation of cocultured PASMCs. Similar to our findings, systemic arterial SMCs cocultured with ECs on opposite sides of a Transwell membrane showed a differentiated phenotype (1, 16, 21) , whereas those cultured alone or in EC-conditioned media remained dedifferentiated (10, 11) .
The cocultured PAECs and PASMCs extended cellular processes toward each other through the pores of the Transwell membrane, and the gap junctional protein Cx43 was expressed on both the PAEC and PASMC sides of the membrane as well as on the cellular projections within the pores. These observations are similar to those of Isakson and Duling (27) with cocultured systemic arterial ECs and SMCs and suggest that the cocultured PAECs and PASMCs had formed myoendothelial gap junctions. Additionally, the membrane-impermeable dye biocytin, loaded into PAECs by pinocytic uptake, was transferred to PASMCs on the opposite side of the Transwell membrane. The possibility of biocytin leaking to the PASMCs other than by transfer through gap junctions was negated by the inhibition of dye transfer when Cx43 was knocked down in PAECs with siRNA. These results indicated that the cocultured PAECs and PASMCs formed functional myoendothelial gap junctions. Again, these observations resemble those of Isakson and Duling (27) , which show that the transfer of biocytin from cocultured systemic arterial ECs to SMCs is inhibited by the gap junction blockers carbenoxolone and 18-␣-glycyrrhetinic acid and the knock down of Cx43.
Treatment of PAEC-PASMC cocultures with carbenoxolone and 18-␣-glycyrrhetinic acid inhibited the PAEC-induced differentiation of PASMCs, as shown by decreased expression of MHC and H1-calponin. Although PAECs failed to induce differentiation of PASMCs in the presence of the gap junction blockers, both agents inhibit homocellular as well as heterocellular gap junctions (44) . Thus, to further test the role of heterocellular communication in inducing the differentiation of PASMCs, Cx43 was knocked down specifically in PAECs by siRNA before coculture with PASMCs. As reflected in decreased expression of MHC, H1-calponin, and ␣-SMC-actin, coculture with Cx43-deficient PAECs prevented the PASMC differentiation. A marked reduction in dye transfer from PAECs to PASMCs in similar cocultures indicated that myoendothelial gap junctional coupling was inhibited. Collectively, these observations showed that myoendothelial gap junctional signaling was necessary for the PAEC-induced differentiation of PASMCs. These results are similar to those of Hirschi et al. (22) who found that Cx43 ϩ/ϩ mesenchymal progenitor cells, but not Cx43 Ϫ/Ϫ cells, formed gap junctions with cocultured ECs and differentiated into mural cells.
TGF-␤ is a potent stimulator of vascular SMC differentiation (4, 22) . Previous studies have shown that TGF-␤ is activated in cocultured ECs and SMCs (47) and that its activation in cocultured ECs and mesenchymal cells depends on gap junctional signaling (24) . We therefore investigated the role of TGF-␤ signaling in the cocultured PAECs and PASMCs. The level of active TGF-␤1 in the PASMC-conditioned medium was more than twofold higher in touch PAEC-PASMC coculture compared with no-touch PAEC-PASMC coculture and touch PASMC-PASMC coculture. As reflected in the levels of p-Smad 2, TGF-␤ signaling was activated in the PASMCs of touch PAEC-PASMC cocultures, and this activation was prevented by inhibition of myoendothelial gap junction signaling with carbenoxolone or knock down of Cx43. We next found that inhibition of TGF-␤ signaling (as reflected in decreased levels of p-Smad 2) by blockade of the TGF-␤ type I (ALK5) receptor reduced the differentiation of PASMCs in PAEC-PASMC coculture. These observations indicated that the PAEC-induced, myoendothelial gap junction-mediated differentiation of PASMCs depended at least partly on activation of TGF-␤ signaling. The molecular regulation of vascular SMC phenotype is extremely complex (40, 41) , and it is unknown what other intracellular signaling molecules and pathways might have participated in the differentiation process.
The PAEC-PASMC coculture model used in our study is more physiological than monocultures of the respective cells, but a limitation is the simplicity of the system compared with an intact pulmonary artery. For example, PAECs in vivo are exposed to shear stress, and studies of various coculture systems (9, 15, 19, 37) , including PAEC-PASMC coculture (31) , show that exposure of ECs to flow affects the regulation of SMC phenotype. Therefore, the effects of shear stress on the regulation of myoendothelial gap junctional signaling and the modulation of PAEC and PASMC phenotypes is an important future study. Another limitation is that we used conduit PAECs and PASMCs, which might not fully imitate the behavior of cells derived from the resistance pulmonary arteries. Also, it is unknown if and how the PAEC-derived signal is transferred to other medial PASMCs that are not in direct contact with PAECs, although it might pass through gap junctions formed between adjacent PASMCs. Finally, the biochemical regulation of myoendothelial gap junction formation and function is complex (20) , and more advanced techniques are needed to study the regulation and effects of gap junctional signaling in more detail.
In summary, our findings provide the first direct evidence of functional myoendothelial gap junctional signaling between cocultured PAECs and PASMCs. They also show that this gap junctional signaling mediates the PAEC-induced differentiation of PASMCs, which is due at least partly to activation of TGF-␤ signaling. Additional study is required to identify the nature of the PAEC-derived signal that passes through the gap junctions and the mechanisms by which it activates TGF-␤ and induces differentiation of the PASMCs. This study enhances our understanding of PAEC-PASMC myoendothelial gap junctional signaling and raises the possibility that disruption or alteration of this signaling is involved in the pathogenesis of pulmonary vascular diseases such as pulmonary arterial hypertension.
